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Introduction 64
Nitrogen (N) availability is often the primary limitation on ecosystem productivity in 65 conifer forests (Vitousek et al., 1997 (Vitousek et al., , 2002 LeBauer and Treseder, 2008) , and factors that 66 regulate N availability have far-reaching consequences for ecosystem properties such as 67 microbial activity, biogeochemical cycling, carbon (C) sequestration, aboveground biomass 68 production and greenhouse gas (GHG) fluxes. Soil N transformation processes (e.g., 69 mineralization of organic N to NH4 + and nitrification of NH4 + to NO3 -) are largely mediated by 70 interactions between functional communities of soil microorganisms and their environment 71 AOB have long been thought to dominate ammonia-oxidation, the quantitative importance of 83 AOA in soil has recently been recognized (Leininger et al., 2006; Petersen et al., 2012) , and 84 AOA are generally more abundant than AOB in acidic forest soil (Petersen et al., 2012) . The 85 relative contributions of AOA and AOB to gross and net nitrification in forests with different 86 tree species remain to be seen. Denitrification is a biological pathway through which N returns to 87 the atmosphere from soil or water by the reduction of nitrate to nitrous oxide (Henry et al., 2004) 88 via the nitrite reductase enzyme genes nirS and nirK. Genes that encode enzymes involved in 89 biogeochemical cycling can be used to compare measured N mineralization and nitrification 90 rates with bacterial, fungal, nitrifier and denitrifier population sizes (inferred from gene 91 abundances) and in so doing, link N-cycling pathways to functional microbial groups. 92
Tree species have been shown to influence chemical and biological properties of soil, 93 particularly forest floor layers, and rates of processes therein. Tree species influence soils 94 directly via leaf litter inputs and formation of forest floors (Hobbie et al., 2006; Vesterdal et al., 95 2012) , and via root litter inputs and alteration of soil structure. Tree species also influence rates 96 of litter decomposition, nutrient release, C turnover and soil respiration through differences in 97 foliar N, Ca, Mg and lignin concentrations (Hobbie et al., 2006; Vesterdal et al., 2012 Vesterdal et al., , 98 2013 . Several studies have reported differences in rates of N-cycling processes in soils under 99 different tree species (e.g., Ste-Marie and Paré, 1999; Malchair and Carnol, 2009 ; Christiansen et 100 al., 2010), and distinct microbial communities have also been reported in soils and forest floors 101 under different tree species (Leckie et al., 2005; Prescott and Grayston, 2014) . However, despite 102 decades of research on this question, categorization of species according to their influence of soil 103
properties has proven elusive, as tree species effects have been inconsistent among studies, and 104 even at different sites within a single study. For example, in a common garden experiment on 105 Vancouver Island, the indirect influence of site factors (particularly slope position) on rates of 106 net N mineralization and nitrification in the forest floors appeared to overwhelm the influence of 107 tree species, with appreciable net rates detected only at the valley bottom sites where the forest 108 floor C:N ratio was less than 35 (Prescott et al., 2000a) . Likewise, Gurmesa et al. (2013) found 109 an influence of broadleaved tree species on soil carbon only at relatively rich sites, which they 110 attributed to the lack of earthworms at the infertile sites, regardless of tree species. These 111 observations prompted Prescott and Vesterdal (2013) to propose that the expression of tree 112 species influence on soils is context-dependent, and more likely to be detectable on rich or 113 intermediate sites. 114
In the common garden experiment on Vancouver Island, previous studies of the forest 115 floors discerned some distinct characteristics of the forest floors under four coniferous tree 116 species, which have been summarized by Prescott and Vesterdal (2005 In this study, we revisit the common garden experiment on Vancouver Island and 125 compare the forest floors that have developed under four tree species at one nutrient-rich, valley-126 bottom site and one nutrient-poor, mid-slope site. We examine differences in forest floors among 127 tree species and the extent to which these differ according to the site. We measure rates of N 128 mineralization and nitrification using 15 N pool-dilution and apply quantitative PCR of microbial 129 genes involved in N-cycling processes to explore interactions among microbial communities 130 (nitrifiers and denitrifiers) and rates of N-cycling processes. 131 132
Materials and Methods 133

Study location 134
We sampled two sites, as case studies rather than replicates, from the EP571 common 135 garden experiment on Vancouver Island: San Juan (48°35′N, 124°12′W) and Fairy Lake 136 81 tree seedlings planted in three densities (2.7, 3.7, and 4.7 m); for the current study we sampled 153 the two densest (2.7-m spacing) plots of each species. We used this pre-existing experimental 154 design to determine if tree species differ in their dominant nutrient cycling characteristics 155 between N-rich and N-poor sites. 156 157
Soil sampling and soil physical and chemical analyses 158
We focused on the F-layer of the forest floor. This is the layer in which the greatest 159 differences in soil microbial communities of these tree species have previously been found 160 (Grayston and Prescott, 2005) , and where soil fungi and fauna are expected to be most abundant 161 and active (Kurbatova et al., 2009 ). It also ensured that we were comparing the influence of tree 162 species on microbial communities at the same stage of decay, as recommended by Prescott and 163 Grayston (2013) . 
Gross rates of ammonification and nitrification 178
The 15 N pool-dilution method (modified from Drury, 2008) was used to determine gross 179 rates of ammonification and nitrification, with samples analyzed in triplicate. Six 15 g 180 subsamples from each plot were passed through a 2-mm mesh sieve and transferred to 500 mL 181 glass Mason jars and sealed with parafilm (n = 3 subsamples for both 15 NH4 + and 15 NO3 -). The 182 parafilm seal was punctured to enable gas exchange and maintain aerobic conditions. Samples 183 were incubated in the dark at room temperature for 24 hours prior to initial 15 N treatments. These 184 treatments consisted of either: 4 mL of 15 NH4Cl solution (99 atom%; Cambridge Isotope 185 Laboratories) or 4 mL of K 15 NO3 (99 atom%; Cambridge Isotope Laboratories) added to the 186 forest floor samples in each respective jar, which was an equivalent application rate of 12 μg N 187 g -1 forest floor. Labeled N was injected into the samples in 1 mL intervals four times over one 188 minute, and gently homogenized to ensure isotopic labeled N was applied uniformly throughout 189 the forest floor sample, and the parafilm seal was replaced. 
Forest floor pH, C and N 270
There were no significant differences in pH, although Sitka spruce and western red cedar 271 had the highest average pH values ( Table 2) . Concentrations of total C and N also did not 272 significantly differ between forest floors under the four tree species or at the two sites (Table 3) . 273
However, forest floor C:N ratio was significantly lower (p = 0.02) at the San Juan (nutrient-rich) 274 site (36.5 ± 1.1) than at Fairy Lake (nutrient-poor) (42.2 ± 1.5). C:N ratio also differed among 275 tree species, with hemlock forest floors having significantly higher C:N ratio (43.3 ± 2.3) than 276
Sitka spruce (36.4 ± 2.1; p = 0.018) and Douglas-fir (36.6 ± 1.2; p = 0.015). There were no 277 significant species-by-site interaction effects, indicating consistent tree species effects on C:N 278 ratios across sites. 279 280
Microbial biomass C and N 281
Microbial biomass C (MBC) differed among tree species across both sites and was 282 significantly lower in forest floors at San Juan than Fairy Lake (Figure 1, Table 3 ). Significant 283 species-by-site interaction indicated that influences of tree species on MBC differed between the 284 two sites (p = 0.03). At Fairy Lake, Sitka spruce had lower MBC than other species whereas 285 cedar had lower MBC than other tree species at San Juan (Figure 1) . Microbial biomass N 286 (MBN) did not differ significantly between sites (p=0.89) or among tree species across sites 287 (Table 3 , p = 0.39), but at San Juan, Douglas-fir had higher MBN than other species (Figure 1) . 288
Microbial C:N ratios did not differ significantly between sites or tree species, although there was 289 a tendency for lower microbial C:N at San Juan (Figure 1 , p = 0.10). 290 291
Microbial gene abundance 292
Bacteria 16S rRNA gene abundance was significantly greater in forest floors from San 293
Juan than from Fairy Lake ( Table 3 , p = 0.01), and differed significantly among tree species 294 (Table 3 , p = 0.05) with no species-by-site interaction. Bacterial genes were more abundant in 295 forest floors of western red cedar at both sites, with hemlock or spruce having the lowest 296 abundance depending on the site (Figure 2 ). Fungal ITS abundance did not differ between sites (p 297 = 0.55) or tree species (p = 0.89). AOA amoA had the most pronounced site effect of any of the 298 microbial genes quantified in this study, with San Juan having several orders of magnitude more 299 AOA amoA genes than Fairy Lake (p = 0.01), but no species effects. AOB amoA genes were 300 more abundant at San Juan than at Fairy Lake, but within the same order of magnitude (p=0.10). 301
The abundance of the Cu-nitrite reductase (nirK) gene did not differ by site (p = 0.19), or tree 302 species (p = 0.13), although hemlock tended to have the lowest gene abundance. In contrast, Cd-303 nitrite reductase (nirS) genes were significantly more abundant in forest floor at San Juan than at 304 Fairy Lake (p = 0.02), but did not differ by tree species (p = 0.27). 305 306
Gross and net N ammonification and nitrification rates 307
Gross ammonification rates were significantly higher in forest floors at San Juan than at 308 Fairy Lake (Figure 3a) , with mean rates of 32.9 and 19.4 mg N g -1 soil (dw) day -1 , respectively. 309 A highly significant trees species effect on gross ammonification was observed with gross 310 ammonification under western red cedar being significantly greater than under Douglas-fir (p = 311 0.03), hemlock (p = 0.006) and Sitka spruce (p = 0.03). Gross ammonium (NH4 + ) consumption 312 was significantly higher in forest floors from San Juan than Fairy Lake (p = 0.002), and was 313 significantly greater in forest floors under cedar than the other species (Figure 3b ). Net 314 ammonification rates were mostly negative, indicating net immobilization of NH4 + , with 315 occasional positive mineralization occurring only in Sitka spruce at San Juan (Figure 3c ). San 316 Juan forest floors had higher (i.e. less negative) rates of net ammonification than Fairy Lake 317 forest floors (p = 0.01), and net ammonification rates differed among tree species (p = 0.05). 318
Rates of gross nitrification, nitrate consumption and net nitrification did not differ 319 between species, but did differ between sites with slightly more N transformed at Fairy Lake 320 than San Juan (p < 0.01). At Fairy Lake, western red cedar had the highest rates of gross 321 nitrification, which significantly differed from hemlock and Sitka spruce, but not from Douglas-322 fir. Douglas-fir and Sitka spruce had the highest and similar rates of nitrate consumption, 323 followed by western red cedar, spruce, and hemlock at Fairy Lake. At San Juan, Sitka spruce had 324 the highest rates of gross nitrification. Douglas-fir, western red cedar, and hemlock all had 325 negligible rates of gross nitrification and nitrate consumption. Net nitrification rates were 326 negative, indicating net nitrate immobilization in all plots except Sitka spruce at San Juan 327 ( Figure 3f ). 328 329
Relationships between N ammonification and nitrification rates and microbial parameters 330
In general, we had greater explanatory power for ammonification rates than nitrification 331 rates (Table 4 ). Gross ammonification was best explained by the total number of bacterial 16S 332 rRNA and fungal ITS genes. Gross NH4 + consumption was best explained by gross 333 ammonification, pH, forest floor C:N ratio, and microbial biomass C:N ratio. Net 334 ammonification was best explained by forest floor pH and C:N ratios and microbial biomass C:N 335 ratios. Gross nitrification was best explained by microbial biomass C:N ratios and AOA amoA 336 gene. Gross NO3consumption was best explained by net ammonification, gross nitrification, 337 microbial biomass C:N ratios, bacterial 16S and AOA and AOB amoA genes. Net nitrification 338 rates were best explained by net ammonification, microbial biomass C:N ratios, bacterial 16S, 339 and AOA and AOB amoA genes. The sum of AOA and AOB gene abundances showed a strong, 340 positive relationship with the sum of the abundance of nitrite reductase genes (nirK and nirS) 341 ( Figure 4 ). Redundancy analysis showed clear separation of the two sites largely due to 342 differences in forest floor C:N ratio and pH, but no clear grouping of microbial abundance 343 patterns according to tree species ( Figure 5 ). Fairy Lake was associated with high C:N ratio, and 344 San Juan with higher microbial gene abundance for AOA and AOB amoA, nirK, nirS, and 16S. 345 The manner in which these interrelationships between site conditions, soil microorganisms and N 369 cycling processes play out at the two study sites is illustrated in Figure 6 . Despite similar rates of 370 decomposition and C mineralization between sites, the high C:N ratio in organic matter and 371 microbes at Fairy Lake causes all of the mineralized NH4 + to be consumed by microbes and 372 plants. In contrast, at San Juan, the low C:N ratio of the organic matter causes more N to be 373 mineralized per unit C mineralized, and only a portion of this is consumed by microbes and 374 vegetation. The resulting accumulation of NH4 + stimulates ammonia-oxidizers (as evident in the 375 higher microbial gene abundance for AOA and AOB amoA), which liberate N in the form of 376 nitrate. Some of this nitrate is consumed by microbes and plants, and some is used by 377 denitrifiers, as evident in the detection of higher microbial gene abundance for nirK, and nirS in 378 San Juan forest floors. 379
For many of the variables in this study, the influence of site N status on N cycling 380 processes was greater than the influence of tree species. Observed gross ammonification rates 381 support earlier findings of greater net N mineralization rates and higher bacterial:fungal ratio in 382 forest floors at nutrient-rich, valley-bottom sites (including San Juan) than at nutrient-poor, mid-383 slope sites (including Fairy Lake) (Prescott et al., 2000a; Grayston and Prescott, 2005) . 384
Microbial gene abundances were also strongly affected by site, with forest floors from the San 385
Juan site have a higher potential for nitrification and denitrification than those from Fairy Lake. 386 Tree species effects were smaller than site effects, and were more pronounced for NH4 + 398 transformations than for NO3transformations. Western red cedar had consistently high 399 abundance of 16S and AOA amoA at both sites, and higher rates of gross ammonification and 400 NH4 + consumption, which made it the most ecologically extreme of the four tree species. This is 401 consistent with previous studies highlighting the different N transformation pattern and microbial 402 community structure in western red cedar forest floors (Turner and Franz, 1985; Prescott et al., 403 2000a; Prescott and Grayston, 2005) . Douglas-fir and Sitka spruce had similar abundances of all 404 targeted genes, which did not significantly differ from each other. Some tree species effects 405 appeared to depend on site N status. For example, Sitka spruce and western hemlock differed in 406 rates of net ammonification, but only at the nutrient-poor site, Fairy Lake. The data from this 407 study support both direct effects of tree species on soil N cycling and soil microbial 408 communities, but also highlight the context-dependency of tree species effects (Prescott and 409 Vesterdal 2013) . 410
The positive correlation between gross ammonification rate and abundance of bacterial 411 Bacterial 16S and nirK varied amongst tree species, which suggests that tree species 431 foster different abundances of denitrifying bacteria, in addition to the elevated AOA amoA in 432 western red cedar plots. AOA amoA can oxidize ammonia via an alternate pathway that requires 433 less oxygen than the bacterial (AOB amoA) channel, which enables ammonia oxidation in anoxic 434 soils (Schleper and Nicol, 2010; Levy- Booth et al., 2014) . Similarly, organisms that contain the 435 gene nirS often do not contain nirK, which suggests that tree species-specific soil microbial 436 communities are associated with specific denitrifying bacteria (Levy- Booth et al., 2014) . 437
Consistent with previous studies of forest floor microbial communities associated with these tree 438 species (Grayston and Prescott, 2005; Turner and Franz, 1985) , we found cedar forest floors to 439 be more bacteria-dominated (16S) while forest floors of all four tree species were similar in 440 fungal abundance (fungal ITS). 441
442
The net N transformation rates presented here were derived from the 24-hour gross-N 443 incubations, not a standard 28-day incubation for rate of net N mineralization such as in the 444 previous study of forest floor N dynamics in the common garden experiment (Prescott et al., 445 2000a ). The short-term incubation study found tree species differences in N ammonification 446 rates, but these were overshadowed by site effects. This is consistent with results of the longer-447 term incubations (Prescott et al., 2000a) , although the values should not be directly compared, 448 and more studies are needed to confirm the patterns. Nevertheless, this study demonstrates that a) 449 differences between tree species and sites are discernible with these methods, and b) insights into 450 the linkages between forest floor physico-chemical parameters, microbial gene abundance and 451 biogeochemical cycling can be gained using these methods. Table 3 . F-statistics following permutation ANOVA testing of tree species (western red cedar, 684
Douglas-fir, western hemlock, Sitka spruce, df=3), site (Fairy Lake, San Juan, df=1), and 685 interaction (T x S, df=3) effects on forest floor chemistry (pH, total C, total N, C:N ratio), 686 microbial biomass (C, N and C:N ratios), N transformations (gross and net nitrogen 687 ammonification and nitrification, and NH4 + and NO3consumption) and microbial gene 688 abundances. 689 and consumption rates with adjusted R 2 values, with best models selected using the lowest AIC 692 values. 693 694
Forest floor chemistry
Gross ammonification = bacterial 16S gene copies -fungal ITS gene copies Variable Coefficient t value p-value bacteria 16S gene copies 1.057 6.253 2.96E-05 fungal ITS gene copies -0.537 -3.179 0.007 F-statistics: 19.68 on 2 and 13 degrees of freedom; Adj. R2: 0.71; p-value: 0.0001168 Gross NH4+ consumption = gross ammonification + C:N ratio + MBC:N ratio Variable Coefficient t value p-value Gross ammonification 1.055 13.084 1.84E-08 Forest Floor C:N ratio 0.243 2.68 0.020 Microbial Biomass C:N ratio 0.262 3.178 0.008 F-statistics: 61.5 on 3 and 12 degrees of freedom; Adj. R2: 0.92; p-value: <0.001
Net ammonification = -C:N ratio -MBC:N ratio Variable Coefficient t value p-value C:N ratio -0.526 0.1538 0.005 Microbial biomass C:N ratio -0.486 0.1538 0.008 F-statistics: 21.73 on 2 and 13 degrees of freedom; Adj. R2: 0.73; p-value: <0.001
Gross nitrification = MB C:N ratio -amoA AOA gene copies Variable Coefficient t value p-value Microbial biomass C:N ratio 0.3401 1.77 0.100 amoA AOA gene copies -0.5998 -3.179 0.008 F-statistics: 7.265 on 2 and 13 degrees of freedom; Adj. R2: 0.46; p-value: 0.008
Gross NO3-consumption = gross nitrification Variable
Coefficient t value p-value gross nitrification 0.7552 0.1752 <0.001 F-statistics: 18.58 on 1 and 14 degrees of freedom; Adj. R2: 0.54; p-value: <0.001
Net nitrification = amoA AOB gene copies Variable Coefficient t value p-value amoA AOB gene copies 0.4775 2.034 0.061 F-statistics: 4.135 on 1 and 14 degrees of freedom; Adj. R2: 0.1729; p-value: 0.061 695 Ammonification rates: mg N kg -1 soil (dw) d -1 ; nitrification rates: mg N g -1 soil (dw) d -1 ; microbial C and N, mg N g -1 soil (dw); 696 Bacterial 16S, Fungal ITS, AOA and AOB amoA: genes g -1 soil (dw).
